A method was developed for characterizing immobilization sites on a protein based on stable isotope labeling and MALDI-TOF mass spectrometry. The model for this work was human serum albumin (HSA) immobilized onto silica by the Schiff base method. The immobilized HSA was digested by various proteolytic enzymes in the presence of normal water, while soluble HSA was digested in 18 O-enriched water for use as an internal standard. These two digests were mixed and analyzed, with the 18 O/ 16 O ratio for each detected peptide then being measured. Several peptides in the tryptic, Lys-C, and Glu-C digests gave significantly higher 18 O/ 16 O ratios than other peptides in the same digests, implying their involvement in immobilization. Analysis of these results led to identification of the N-terminus and several lysines as likely immobilization sites for HSA (e.g., K4, K41, K190, K225, K313 and K317). It was also possible from these results to quantitatively rank these sites in terms of the relative degree to which each might take part in immobilization. This method is not limited to HSA and silica but can be used with other proteins and supports.
INTRODUCTION
The covalent immobilization of proteins to supports and surfaces has been used for many years in applications such as immunoassays, affinity chromatography, enzyme reactors and protein microarrays. 1-9 It is generally desirable in these applications to have an immobilized protein that closely retains the structure and activity of the same protein in its native form. However, there is often little information available on the structure and orientation of proteins after they have been immobilized. This is particularly true when using an amine-based coupling method, in which a protein usually has many possible coupling sites. There have been some previous attempts to examine the immobilization sites of proteins. This has included the use of peptic digests to examine the immobilized regions of antibodies 10 and the conversion of lysine to homoarginine to examine protein immobilization in the cyanogen bromide method. 11 However, these previous methods have provided only qualitative information on immobilization and have been limited to specific types of proteins or coupling methods.
In this study a more general, quantitative approach for examining protein immobilization is described that is based on recent advances in mass spectrometry and isotopic labeling. This approach makes use of the 18 O/ 16 O labeling method; 12-14 this is a global labeling method used in quantitative proteomics which involves the digestion of a protein by a proteolytic enzyme in the presence of normal or 18 O-enriched water, as shown in Figure 1 (a). In the case of enzymes like trypsin, Lys-C or Glu-C, this labeling procedure results in one or more isotopic tags being placed at the C-terminus of a peptide that is formed during the digestion process. 13,15,16 A major advantage of this approach is it can, in theory, allow all regions of a protein to be examined, with the exception of the region immediately next to the protein's C-terminus. Other attractive features include the fact that this method combines protein digestion and labeling into a single step and uses a labeling process that is resistant to further reactions that could cause loss of the isotopic label. In addition, 18 O-and 16 O-labeled peptides tend to have similar retention properties in solid-phase extraction and liquid chromatography, which is useful in their isolation after digestion and labeling. 13, 14, 15 Figure 1(b) shows the general scheme employed in this study when using 18 O/ 16 O labeling for the quantitative analysis of protein immobilization sites. In this approach, the immobilized protein is digested with a proteolytic enzyme in the presence of normal water while a soluble form of the same protein is digested in 18 O-enriched water. After these digestion reactions have been quenched, the soluble fractions of the digests are combined, fractionated, and analyzed by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS). This gives two sets of peaks for each detected peptide: a set of predominantly 16 O-labeled peptides that were generated from the immobilized protein and a set of 18 O-labeled peptides from the same protein in its soluble form (the latter of which are used as internal standards). A comparison of the relative abundances of the 16 O-and 18 O-labeled forms of each peptide is then used to identify which regions of the protein are involved in its immobilization. This is possible since peptides in the digest that are coupled to a support (i.e., that are generated from sections at or near an immobilization site) will not enter the soluble fraction and will not be measured in the final combined digest. This, in turn, will alter the relative intensities measured for the 18 O-versus 16 O-labeled peaks for this peptide when compared to peptides from other regions of the protein that were not involved in immobilization.
This approach will be tested by using it to study the immobilization of human serum albumin (HSA) to silica. HSA is frequently coupled to silica for use in chromatographic columns during drug-protein binding studies 17,18 or chiral separations. 19, 20 This immobilization is usually accomplished through an amine-based coupling technique such as the Schiff base method. 21 Useful features of HSA for this particular study include the fact that it has a known primary sequence and crystal structure. In addition, it is composed of a single peptide chain with a large number of amine groups (i.e., 59 lysines and the N-terminus) that could potentially take part in an amine-based coupling method. Although it is known that not all regions of this protein are equally susceptible to immobilization effects in amine-based coupling methods, 22-25 no specific information is available on the particular regions of HSA that take part in its attachment to supports. This study will use 18 O/ 16 O labeling and MALDI-TOF MS to provide more details on this immobilization process. The extension of this approach to other proteins and supports will also be considered.
THEORY
When a protein like HSA is treated by trypsin or another proteolytic enzyme, it is possible that up to two 18 O atoms can be incorporated into each peptide that is formed in the digest. As shown in Figure 1(a) , one of these 18 O labels can be added during cleavage of the peptide's amide bond (i.e., 16 18 O-enriched water. The relative intensities measured in these initial studies will be referred to here by using the terms a 0 , a 1 , a 2, a 3 , a 4 and a 5 for the monoisotopic peak (M+1) through the M+6 peptide peaks in the 16 O-labeled sample and by using b 0 , b 1 , b 2, b 3 , b 4 and b 5 to refer to the same peaks in the 18 O-labeled sample. When these two peptide samples are combined, the intensity of each isotope peak in the mixture (I n ) should be equal to the sum of intensities from the isotope peptide peaks produced in the 16 O-water digest ( ) and the 18 O-water digest ( ), as illustrated in Figure 2 . This relationship can be expressed for any peak in the isotopic series by using eq 1.
If the relative intensities of the isotope peaks for the separate 16 O-and 18 O-labeled samples are known, as measured in the first step of this approach, eq 1 can be rewritten in the form shown below. (2) In this particular study the terms of , a 0 , , and b 4 were selected for use in eq 2 since they represented the most intense peaks in the 16 O-or 18 O-labeled isotope clusters; equivalent relationships to eq 2 could be derived using other peaks in these clusters. Eq 2 can next be rearranged into the form shown in eq 3. Through this process it is possible to obtain a set of six equations (for n = 0 through 5) with two unknowns ( and ). According to eq 3, a plot of a 0 b n /a n b 4 versus a 0 I n /a n for a given isotopic peak should give a linear relationship. In addition, the values of and can then be obtained from the intercept and slope of this line. An example of such a plot is also shown in Figure 2 , where each point in this plot represents the results obtained at a given value of n and a 0 I n /a n .
Once and have been determined from such a plot, and can also be calculated from the isotopic pattern of the 18 O-labeled peptide by using eqs 4 and 5. In this case, the peptides formed in 18 O-water can be a mixture of peptides that have one, two or no 18 O-labels. Such a mixture will give overlapping isotopic patterns, as shown in Figure  2 . A peak intensity that has been corrected for this overlap, as represented here by the term I" n(corr) for peak n, can be obtained by using relationships like those shown in eqs 6-7 for the M+2 and M+4 peaks in an isotopic series.
Finally, the 18 O/ 16 O ratio for the desired peptide in a mixture of soluble and immobilized protein preparations that have been separately digested in 16 O-or 18 O-enriched water can be calculated by using these results in eq 8. (8) In this report this corrected ratio was then used to determine the relative extent to which a given region on the protein was involved in its immobilization to a solid support.
EXPERIMENTAL SECTION

Reagents
The Nucleosil Si-100 (7 μm particle diameter, 100 Å pore size) was from Macherey Nagel (Düren, Germany). The HSA (approximately 99% pure, fatty acid free, essentially globulin free), trypsin (sequencing grade), endoproteinase Lys-C (Lys-C, sequencing grade), and endoproteinase Glu-C (Glu-C, sequencing grade) were from Sigma-Aldrich (St. Louis, MO). The α-cyano-4-hydroxycinnamic acid (CHCA, >99% pure), 2,5-dihydroxybenzoic acid (DHB, 98% pure), des-Arg-bradykinin (99% pure), angiotensin I (97% pure, acetate salt), Glufibrinopeptide B (97% pure), 18 O-enriched water (95 atom% 18 O) were also from SigmaAldrich. Reagents for the bicinchoninic acid (BCA) protein assay were from Pierce (Rockford, IL). All other chemicals were reagent grade or better. All aqueous solutions were prepared using water from a Nanopure system (Barnstead, Dubuque, IA) and filtered using 0.22 μm nylon filters from Fisher (Pittsburgh, PA).
Apparatus
The BCA protein assay was performed using a UV-160A spectrophotometer (Shimadzu, Kyoto, Japan). Samples were dried using a Savant SpeedVac from ThermoQuest (San Jose, CA). ZipTips μ-C18 (5.0 μg capacity) were obtained from Millipore (Billerica, MA). The Slide-A-Lyzer dialysis cassettes (7 kDa MW cutoff, 0.5−3 mL capacity) were from Pierce. The overhead transparency film for sample/matrix mixing in the MALDI studies was from C-line Products (Des Plaines, IL). The MALDI-TOF MS experiments were performed using a Voyager 6184 system (Applied Biosystems, Foster City, CA) operated in a positive-ion delayed extraction reflecton mode. The instrument settings for this analysis were as follows: accelerating voltage, 20 kV; grid voltage, 76% of the accelerating voltage; guide wire voltage, 0.008% of the accelerating voltage; delay time, 100 ns.
HSA immobilization & pretreatment
Nucleosil Si-100 silica was converted into a diol-bonded form according to a previous procedure. 27 HSA was immobilized onto this diol-bonded silica by the Schiff base method. 21 The protein content of the resulting HSA support was determined in triplicate by a BCA assay, 28 using HSA as the standard and diol-bonded silica as the blank. The final protein content of the support tested in this work was found to be 51 (± 4) mg HSA per gram of silica (±1 S.D.).
A total of 5 mg soluble HSA or approximately 85 mg of HSA silica (i.e., a sample containing roughly 5 mg immobilized HSA) was denatured, reduced and alkylated according to a previous described procedure. 29 To remove excess chemicals before digestion, the immobilized HSA was washed three times with water, while the soluble HSA was dialyzed three times against fresh portions of 500 mL water for 4 h at room temperature. These soluble and immobilized HSA samples were then adjusted to the same total volume (i.e., approximately 1800 μL), with the samples being divided into several 18 μL aliquots (each containing roughly 50 μg HSA).
After their pretreatment and prior to their digestion with trypsin, one aliquot of the immobilized HSA sample and one aliquot of the soluble HSA sample were dried separately in microcentrifuge tubes. The dried samples were reconstituted in 120 μL of pH 7.8, 50 mM ammonium bicarbonate buffer prepared in standard deionized water (99.8% H 2 16 O) for the immobilized HSA or in 18 O-enriched water (97% H 2 18 O) for the soluble HSA. Both aliquots were combined with 2.0 μg trypsin (giving a substrate-to-enzyme ratio of 30:1), with these mixtures then being incubated at 37 °C for 18 h.
Prior to digestion with Glu-C, portions of the pretreated soluble HSA and immobilized HSA samples were dried and reconstituted in the same manner as described for trypsin digestion. These samples was combined with 5 μg Glu-C (giving a substrate-to-enzyme ratio of 10:1) and incubated at 37°C for 18 h. An additional 2.5 μg Glu-C (giving a new substrate-to-enzyme ratio of 20:1) was later added and incubated with the samples for another 8 h at 37°C.
Pretreated HSA samples for digestion with Lys-C were dried and reconstituted in 120 μL 75 mM Tris-HCl buffer that had been prepared in standard deionized water or 18 O-enriched water. A 2.5 μg portion of a Lys-C solution (giving a substrate-to-enzyme ratio of 20:1) was added to both sets of samples, which were then incubated at 37°C for 18 h.
After their incubation with trypsin, Glu-C or Lys-C, the digests for the immobilized HSA samples were centrifuged to remove the support particles and peptides attached to these particles. The soluble fractions of the digests for the soluble and immobilized HSA samples were then combined with 5 μL concentrated formic acid to adjust their pH to a value less than 4.0. For each type of enzyme used for these digests, 5 μL of the soluble HSA solution that had been digested in 18 O-enriched water or 5 μL of the immobilized HSA solution that had been digested in 16 O-water were combined and mixed prior to further treatment.
The peptides in the combined samples were next fractionated using ZipTip μ-C18 pipette tips, as described in a previous paper. 29 To determine the isotopic pattern of a given 18 O-or 16 Olabeled peptide, 10 μL of digests from the immobilized HSA sample and 10 μL of digests from the soluble HSA sample were fractionated in the same way as the combined sample. Soluble HSA control samples were pretreated in the same fashion as the immobilized HSA/soluble HSA mixtures but used soluble HSA for both the 18 O-and 16 O-labeling steps.
Mass spectrometric analysis
The matrix used for the MALDI-TOF MS analysis of HSA digests was a mixture of α-cyano-4-hydroxycinnamic acid and 2,5-dihydroxybenzoic acid, as prepared according to previous procedures. 29,30 A 0.5 μL aliquot of this matrix and 0.5 μL of a digested HSA sample (about 15 pmol protein) were placed on a transparency film and mixed together with a pipette tip. The final mixture was then aspirated and applied by digital pipette onto a MALDI plate.
A stock solution of standard peptides was prepared for MALDI-TOF MS analysis with the following composition: 18.4 μL of 1 μg/μL des-Arg-bradykinin, 33.6 μL of 1 μg/μL angiotensin I, and 408 μL of 0.1 μg/μL Glu-fibrinopeptide B plus 7540 μL of a 50:50 (v/v) mixture of acetonitrile and water. This stock solution was divided into 10 μL aliquots and stored at −80°C until use. A 4 μL portion of this stock solution was mixed with 96 μL of the MALDI matrix (see previous paragraph), giving a final concentration for each standard peptide of approximately 1.0−1.3 pmol/μL. A 1 μL portion of this standard mixture was spotted on each well of every other row on the MALDI plate. The spotted plate was allowed to air dry for 15 −20 min before analysis. The mass scale of the mass spectrum was adjusted by the calibration curve data obtained with this standard peptide mixture.
The spot for each HSA digest and standard peptide sample on the MALDI plate was examined using 250 laser shots, giving ions that were analyzed over a mass range of 500−3500 Da. A total of three to five spectra were acquired for each spot. The masses of the peptide peaks detected in the HSA digests were compared to those predicted by PeptideMass. 31 The following parameters were used in this program for predicting the theoretical mass for a peptide: 1) all cysteines were assumed to be treated with iodoacetamide; 2) the oxidation of methionines was allowed, 3) monoisotopic masses were used for all amino acid residues, and 4) the maximum number of allowed missed cleavage sites was two. All detected peptides that could be matched to a mass within 50 ppm of a value for a predicted peptide were selected for further study. The sequence coverage for HSA was calculated by using the fraction of all amino acids in HSA that occurred in the detected peptides and that could be identified as arising from a specific portion of this protein's primary sequence. 29 For the quantitative analysis of peptides, the ratio of each 18 O and 16 O-labeled peptide pair in the digest mixtures was determined as described in the THEORY. The pK a values for the lysine residues in HSA were calculated using PROPKA. 32 The fractional solvent accessible surface area for the side chain of each residue was calculated using VADAR and a solvent probe radius of 1.4 Å. 33 The regions determined to be at or near possible immobilization sites were mapped onto the 3-D structure of HSA by using Protein Explorer 2.45 Beta. 34
RESULTS AND DISCUSSION
General considerations in method development
An amine-based coupling method for a protein generally involves the reaction of the Nterminus or lysine residues on such a ligand. The locations of the 59 lysines and N-terminus of HSA are shown in Figure 3 . These sites are distributed in a relatively uniform pattern throughout both the primary sequence and tertiary structure of HSA. Although it might appear at first that all of these residues would have an equal probability of taking part in an aminebased coupling method, these sites can have differences in their pK a values, accessibilities to other molecules, and other features that may cause them to differ in their reactivity. This work sought to study this large number of possible coupling sites by using a previous protocol developed to maximum the sequence coverage of HSA when it is examined by MALDI-TOF MS. 29 This involved the use of multiple proteolytic enzymes (i.e., trypsin, Lys-C and Glu-C) and peptide fractionation prior to MALDI-TOF MS analysis. When using this approach in qualitative studies, the sequence coverage of HSA has been reported to be 97.4%. 29 However, not all of the peptides detected in this technique have sufficient intensities to allow their use in quantitative proteomics and measurements of 18 O/ 16 O ratios. This additional requirement was found in this current study to lower the effective sequence coverage of HSA to 76.9%; however, this level of coverage was still sufficient for examining most of the possible immobilization sites on HSA. In this case, 42/60 (or 70%) of the possible immobilization sites on this protein were within or adjacent to a measurable peptide sequence and another 13/60 (or 22%) were within six residues of such a sequence.
Another item considered in this report was the effect immobilization might have on ability of proteolytic enzymes to digest regions on HSA that were not directly involved in its immobilization. For instance, steric hindrance from the pores of a support could prevent a proteolytic enzyme from effectively reaching and digesting part of an immobilized protein.
This effect was avoided in this study by using a support with a nominal pore size of 100 Å, which is roughly twice the diameter of HSA (molecular weight, 66.5 kDa) and even larger than any of the enzymes used here to digest this protein (molecular weights, 22−29 kDa). In addition, both the immobilized and soluble HSA were denatured before digestion, giving greater accessibility of proteolytic enzymes to this protein's primary sequence. Under these conditions statistically equivalent 18 O/ 16 O ratios were seen for the majority of peptides (83% to 87% depending on the enzyme used) in mixtures containing immobilized versus soluble HSA and in control samples containing only digests of soluble HSA for both labels. This similarity indicated that steric hindrance effects were not a significant factor during the digestion of immobilized HSA in this study.
The reproducibility of the MALDI-TOF MS analysis was examined early in this work by using a mixture of 18 O and 16 O-labeled peptides from tryptic digests of soluble HSA. In one such study, a peptide MH + peak with a mass of 927.4939 had a relative standard deviation of ! 5% in its 18 O/ 16 O ratio for spectra collected from several spots (i.e., spot-to-spot precision) while the same peptide had a within-spot precision of ! 3%. A similar trend was noted for other peptides in the same digest, with the within-spot precision being slightly better than the spotto-spot precision. Thus, all further work in this study used spectra obtained from the same spot when determining 18 O/ 16 O ratios. This gave an average overall precision in the final results of ! 24% (range, 10−46%) for peptides with 18 O/ 16 O ratios below 1.0, ! 16% (range, 6−36%) for peptides with 18 O/ 16 O ratios between 1.0 and 2.0, and ! 11% (range, 3−20%) for peptides with 18 O/ 16 O ratios above 2.0. As will be shown later, these levels of precision were more than sufficient for comparing the 18 O/ 16 O ratios for peptides from immobilized versus soluble HSA. Table 1 shows the monoisotopic masses, sequences and 18 O/ 16 O ratios determined for peptides in mixtures of soluble and immobilized HSA that had been digested with trypsin. A total of 30 peptides from HSA were identified under these conditions and measured for their 18 O/ 16 O ratios. These peptides were from regions comprising 55.9% of the primary sequence of HSA. As shown in Figure 4 (a), most of these peptides (26/30, or 87%) gave 18 O/ 16 O ratios less than 3.0, with ratios ranging from 0.4−3.0 and with an average of 1.5 (± 0.5) (1 SD). These results were equivalent to those obtained in control experiments using only soluble HSA for both the 18 O and 16 O-labeled digests, which gave 18 O/ 16 O ratios ranging from 0.3−3.0 and with an average of 1.4 (± 0.5). The fact that no measurable difference was found between these peptides and those in the soluble HSA control meant that amine groups within or near these particular regions were not involved to any significant extent in the immobilization of HSA by the Schiff base method.
Analysis of peptides in tryptic digests of HSA
There were, however, three peptides in the tryptic digests that gave significantly higher 18 O/ 16 O ratios than those seen for the soluble HSA control. These three peptides had 18 O/ 16 O ratios in the range of 7.7 to 10.9, which were different at the 95% confidence level from other peptides in the mixed digest or soluble control (note: there was one other peptide with a 18 O/ 16 O ratio above 3.0; however, its ratio of 3.94 was not significantly different versus the soluble HSA control or peptides with ratios at or below 3.0 in the mixed digest). These high 18 O/ 16 O ratios indicated that their corresponding peptides had a higher occurrence for soluble HSA in the combined digest than the same peptides from immobilized HSA. This, in turn, suggested that these peptides remained on the support during the digestion of immobilized HSA and, thus, were at or near an immobilization site for this protein. Furthermore, the relative size of these 18 O/ 16 O ratios should be related to the probability of these regions being involved in immobilization, with the highest ratios representing those parts of HSA which were most likely to be involved in the coupling of this protein to the support.
As is shown in Table 1 and has been noted previously, 29 the fractionation of peptides after digestion greatly increases (i.e., by approximately two-fold) the number of the peptides that can be analyzed for HSA. However, peptide fractionation did not appear to affect any of the measured 18 16 O ratios in each fraction (see Table 1 ). This confirmed that the 16 O and 18 O-labeled peptides had equivalent elution and retention behavior in the fractionation method used in this study. This also meant that data from each of these fractions could be combined to obtain more precise estimates of a given peptide's 18 O/ 16 O ratio, as was used later in this study.
As mentioned earlier, many peptides that undergo labeling with 18 O-enriched water during digestion can incorporate two 18 O labels per peptide, 26 but the efficiency of this process can vary from one peptide to the next. 14 An example of this situation was a peptide with a MH + mass of 1226.6057 that was observed in the tryptic digest. This peptide was found to incorporate only one 18 O label while most other peptides in this mass range had two such labels. However, these variations in labeling efficiency did not affect the calculation of 18 O/ 16 O ratios in this study since, as stated in the THEORY, the method used for this calculation allowed for the possibility of having incomplete labeling and either one or two 18 O labels per peptide. Table 2 shows the monoisotopic masses, sequences and 18 O/ 16 O ratios that were obtained for peptides in mixtures of soluble and immobilized HSA that had been digested with endoproteinase Lys-C. In this digest Twenty peptides were identified in this digest and used in the measurement of 18 O/ 16 O ratios, representing 48.7% of primary sequence for HSA. As is illustrated in Figure 4 (b), most of these peptides (17/20, or 85%) had 18 O/ 16 O ratios in the same range as those seen for a soluble HSA control, with a range and average of 0.5−2.6 and 1.5 (± 0.4) versus a range of 0.4−2.8 and an average of 1.5 (± 0.5) for the control. This similarity again indicated that these particular regions of HSA were not involved to any significant extent in the immobilization of this protein by the Schiff base method.
Analysis of peptides in Lys-C digests of HSA
There were three peptides in the Lys-C digest with significantly higher ratios than those in the soluble HSA control. These peptides corresponded to the 5−12, 213−225 and 287−313 regions of HSA, which gave 18 O/ 16 O ratios of 5.78, 4.81 and 6.37, respectively. All of these ratios were higher at the 95% confidence level versus those in the soluble HSA control. This indicated that amines in or near these regions were taking part in the coupling of HSA by the Schiff base method.
Although higher mass peptides usually have a lower extent of incorporation for a second 18 O label than lower mass peptides, it was noted in the Lys-C digest that some low mass peptides contained only one 18 O label. This was found to be the case for the peptide with an MH + peak at a mass of 1002.56 in the 5% acetonitrile fraction. As mentioned earlier, this single label did not create any difficulties in this study since the method used to calculate 18 O/ 16 O ratios allowed for the presence of either one or two labels in such peptides.
Analysis of peptides in Glu-C digests of HSA
The results obtained for the Glu-C digests of soluble and immobilized HSA are shown in Table  3 . A total of 12 peptides were identified and used in these digests for the measurement of 18 O/ 16 O ratios, representing 30.6% of the primary sequence of HSA. Figure 4(c) shows that ten of these peptides (10/12, or 83%) had 18 O/ 16 O ratios within a range of 0.3−2.2 and with an average of 0.9 (± 0.4). This was comparable to the results found for the soluble HSA control, which gave a range of 18 O/ 16 O ratios of 0.4−2.5 and an average ratio of 1.1 (± 0.4).
There were two peptides in the mixed digest that had significantly higher 18 O/ 16 O ratios (i.e., at the 95% confidence level) than those found for the soluble HSA control. These peptides were from the 189−208 and 209−227 regions of HSA and gave 18 O/ 16 O ratios of 4.68 and 5.75, respectively. Thus, it was concluded that that amines in or near these regions were taking part in the Schiff base immobilization of HSA.
There were two peptides in the Glu-C digests found to have different labeling behavior from the other peptides. One of these peptides was in the 5% acetonitrile fraction and had a MH + mass of 1300.66. This peptide incorporated only one 18 O label during Glu-C digestion, as noted previously for some other peptides in the tryptic and Lys-C digests. Another peptide with unique behavior had a MH + mass of 1326.80 and gave the same isotopic pattern for digests in normal or 18 O-enriched water. This particular peptide was from the C-terminus of HSA (residues 572−585) and is believed to have not undergone Glu-C catalyzed 16 O-to- 18 O exchange that lead to the lack of this label.
Another challenge encountered in examining peptides in the Glu-C digests concerned peptides with overlapping clusters of peaks. An example occurred in the 5% acetonitrile fraction of the Glu-C digest, which contained two peptides that had overlapping isotopic peaks. These two peptides had MH + masses of 1699.84 and 1704.95. In the case of this particular fraction, direct calculation of the 18 O/ 16 O ratios for these peptides was not performed because of this peptidepeptide interference. However, only the 1704.95 peptide was seen in 30% and 50% acetonitrile fraction of the same digest, which made it possible to obtain its 18 O/ 16 O ratio without interference from the 1699.84 peptide. Another example of situation occurred for a peptide with a MH + mass of 1519.78, which had no any interferences in the 5% acetonitrile fraction of Glu-C digest but did overlap in the 30% acetonitrile fraction with a peptide that had a MH + mass of 1518.77.
Identification of immobilization sites
The results in Tables 1-3 and Figure 4 were combined and compared to determine the specific residues in HSA that were taking part in its immobilization. These results are summarized in Table 4 . This includes a comparison of the measured 18 O/ 16 O ratios for the various peptides used in this study, as well as the use of established computational methods to estimate the pK a of each lysine in these peptides and this lysine's fractional accessible surface area (ASA). 32,33 The locations of these peptides in the structure of HSA are indicated in Figure 5 .
The region of HSA that was found in this study to give the highest 18 O/ 16 O ratio was that containing residues 21−41 in the tryptic digest. There are three possible attachment sites near or within this region when using an amine-based coupling methods; these sites are K12, K20 and K41. All of these lysines have medium-to-high pK a values (10.15−10.43 versus a range of 6.23−11.11 and average of 10.08 for all lysines in HSA). This feature is important to consider since lysines with low pK a values would have a larger fraction of non-protonated amine groups at pH 6.0 (i.e., the coupling pH used here in the Schiff base method). 21,35,36 However, these amine groups must also be accessible to the protein's surroundings for this coupling to occur. It was found that both K12 and K41 have good accessibility to the surrounding solvent (ASA values of 0.56−0.59 versus a range of 0.01−0.96 and average of 0.52 for all lysines on HSA), but the results obtained for several other peptides containing K12 did not show increased 18 O/ 16 O ratios. This indicated that K41 was the most likely site for the immobilization of HSA in this region.
The region on HSA with the second highest 18 O/ 16 O ratio was that which included residues 324−336. This region was near lysines K323 and K317. Although these two lysines again have medium-to-high pK a values (10.50 and 10.36, respectively), K317 has a higher accessibility to the surrounding solvent (ASA, 0.80). Thus, this lysine was determined to be the most likely residue in this region for the immobilization of HSA.
Another region on HSA that gave a high 18 O/ 16 O ratio was the one containing residues 287 −313. There are four lysines in this region: K281, K286, K313 and K317. All of these lysines have moderate-to-high pK a values (10.29−10.50), but K313 and K317 have a much higher accessibility to solvent (ASA of 0.80 versus 0.20−0.52 for K281 and K286). This suggests that K313 and K317 were both contributing to the high 18 O/ 16 O ratios noted for residues 287−313. The fact that K313 is located in a flexible loop region of HSA further supports the hypothesis that this residue is a likely immobilization site for this protein.
A high 18 O/ 16 O ratio was also found for residues near the N-terminus of HSA (i.e., residues 5 −12). Possible immobilization sites in or near this region include the N-terminal amine and lysines K4 and K12. As discussed earlier, K12 was already eliminated as a likely site for immobilization since other peptides containing this residue gave low 18 O/ 16 O ratios. The estimated pK a values for the remaining possibilities, the N-terminus and K4, are both low compared to other amines on HSA (with values of 7.6−8.0), making these sites favorable for immobilization. The flexibility of the N-terminal region in HSA would also be expected to make both these locations good candidates as immobilization sites.
The 213−225 and 209−227 regions of HSA gave high 18 O/ 16 O ratios as well. Possible immobilization sites in or near these regions are lysines K205, K212 and K225. However, residues 206−212 gave a low 18 O/ 16 O ratio in the Lys-C digest, indicating that K205 and K212 were not involved in the immobilization of HSA. This fact, plus the location of K225 in a flexible turn of HSA and its low pK a value versus these other lysines (9.80 versus 10.43), indicates that K225 is the most likely immobilization site for HSA in this region.
The final peptide found to have a significantly elevated 18 O/ 16 O ratio was from residues 189 −208. This peptide contained lysines K190, K195, K199, K205 and K212. As indicated earlier, a low 18 O/ 16 O ratio for residues 206−212 ruled out two of these lysines (K205 and K212) as possible immobilization sites. The remaining three lysines are all located in a α-helix, with K190 and K199 having the lowest pK a values in this group (6.23 and 7.47 versus 10.76 for K195). However, K199 is buried deep inside of HSA and has an ASA value of only 0.16, which would give it a small likelihood of coupling to a solid support. Thus, K190 was found to be the most likely immobilization site for HSA in this region.
CONCLUSIONS
This report examined the use of MALDI-TOF MS and 18 O/ 16 O-labeling in identifying immobilization sites on the protein HSA. When data obtained by this method were combined with predicted pK a values and accessible surface areas, it was possible to identify at least seven major immobilization sites for HSA in the Schiff base method. These sites included the Nterminus and lysines 4, 41, 190 , 225, 313 and 317. As shown in Figure 5 , none of these immobilization regions are located within the major drug binding regions of HSA (i.e., Sudlow sites I and II). This explains why the use of the Schiff base method and other amine-based coupling methods have been observed in previous studies to give HSA with comparable binding behavior to that seen for soluble HSA. 21,37,38 The non-uniform distribution of the immobilization sites identified in this report further suggests that local steric hindrance effects, rather than protein inactivation, may be the reason why different binding capacities have been noted for various drugs and other solutes at Sudlow sites I and II on immobilized HSA. 21, 38 The results of this study clearly indicate that not all of the possible coupling sites on a protein have an equal probability of being involved in its immobilization. It is also interesting to note that calculated parameters such as pK a and ASA values alone are not sufficient in predicting which of these sites will be the most likely to take part in immobilization. For example, residues K564 and K574 in HSA both have high ASA values (0.93 and 0.82), but neither appeared to take part to any appreciable extent in the immobilization of HSA by the Schiff base method (e.g., peptide 565−574 in the Lys-C digest gave a 18 O/ 16 O ratio of only 1.20) . In addition, some residues that had low pK a values (e.g., K199 with pK a = 6.23) were also shown to not be involved in the immobilization of HSA. It instead appears that a combination of good accessibility and favorable pK a values, as well as some structure flexibility and a favorable microenvironment, is required for a given amine on HSA to take part in its immobilization. An important advantage of the method described in this paper is it allows the overall effect of these factors to be examined simultaneously for a protein by providing quantitative data on a potential immobilization site.
In summary, the results obtained in this report indicate that 18 O/ 16 O labeling and MALDI-TOF MS can be successfully employed to provide information on protein immobilization sites. A key advantage of this approach compared to previous methods 10,11 is that it gives both qualitative information on the location of an immobilization site and quantitative information on the relative extent to which this site is involved immobilization. This last feature is made possible by the use of stable isotope labeling and methods adapted from quantitative proteoomics, which provides each detected peptide with its own internal standard. This technique requires only a small amount of protein (pmol-to-fmol per analysis) and is relatively easy to perform. In addition, this method can be modified for work with proteins, supports and coupling methods besides those considered in this current study. Such a method should be beneficial to many areas that employ immobilized proteins for analysis or separations, including affinity chromatography, enzyme reactors and protein microarrays. Nomenclature used to describe the isotopic distribution for a peptide digested in (a) 16 Oenriched water, (b) 18 O-enriched water or a (c) a mixture of these two digests, and (d) a typical plot based on eq 3 for analyzing such data. The plot in (d) was generated using data for a peptide peak with a MH + mass of 2650.26 in the tryptic digest of HSA. The best-fit line shown in (d) was y = 1.89 (± 0.08) % 10 4 × + 0.54 (± 0.09) % 10 4 , with a correlation coefficient of 0.9964 (n = 6); according to eq 3, the values of and for the given peptide were then determined from the intercept and slope of this plot. The (a) primary sequence and (b) crystal structure of HSA. The sequence in (a) shows the regions of the primary sequence that could be identified qualitatively when using each peptide digest ( ), along with those sections that could be used for quantitative determination of 18 O/ 16 O ratios (***). The lysine residues in HSA are given in bold in (a) and as darkened regions in (b). The plot is (b) is based on PDB file 1AO6. 39 The given masses of the MH + ions were calculated from the sequence of HSA. All experimental values were within 50 ppm of these masses.
c Only two spectra were collected and used to determine the average ratios for these peptides. The pK a and fractional solvent accessible surface area of the N-terminus could not be calculated by PROPKA and VADAR because this portion of HSA does not have a well-defined crystal structure.
The pK a value given here was instead obtained from the literature 41
.
